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ABSTRACT
Epitaxial heterostructures of narrow-gap IV-VI and III-V semiconductors offer a platform for new electronics and mid-infrared photonics.
Stark dissimilarities in the bonding and the crystal structure between the rocksalt IV–VIs and the zincblende III–Vs, however, mandate the
development of nucleation and growth protocols to reliably prepare high-quality heterostructures. In this work, we demonstrate a route to
single crystal (111)-oriented PbSe epitaxial films on nearly lattice-matched InAs (111)A templates. Without this technique, the high-energy
heterovalent interface readily produces two populations of PbSe grains that are rotated 180° in-plane with respect to each other, separated
by rotational twin boundaries. We find that a high-temperature surface treatment with the PbSe flux extinguishes one of these interfacial
stackings, resulting in single-crystalline films with interfaces that are mediated by a monolayer of distorted PbSe. While very thin PbSe-onInAs films do not emit light, hinting toward a type-III band alignment, we see strong room temperature photoluminescence from a 1.5 μm
thick film with a minority carrier lifetime of 20 ns at low-excitation conditions and bimolecular recombination at high excitation conditions,
respectively, even with threading dislocation densities exceeding 108 cm−2. We also note near-complete strain relaxation in these films
despite large thermal expansion mismatch to the substrate, with dislocations gliding to relieve strain even at cryogenic temperatures. These
results bring to light the exceptional properties of IV-VI semiconductors and the new IV-VI/III-V interfaces for a range of applications in
optoelectronics.
Published under license by AVS. https://doi.org/10.1116/6.0000774

I. INTRODUCTION
IV-VI semiconductors like PbSe have long been candidate
materials for mid-infrared optoelectronics1–6 thanks to their
tunable narrow direct bandgaps, reduced bulk Auger recombination coefficient, high refractive indices, and tolerance to charged
defects due to their high dielectric constants6 and bonding
character.7–9 A majority of studies on IV-VI devices have involved
epitaxial growth on native IV-VI (rocksalt) or ionic BaF2 (fluorite)
substrates and buffer layers, which have a number of drawbacks
including poor thermal performance, low mechanical stability, and,
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in the case of fluorite substrates, small size and difficult processing
due to solubility in water. This has prompted research into IV-VI
growth on silicon10–12 and III-V substrates like GaAs or InSb,13–16
sometimes with II-VI buffer layers.17–20 The zincblende-structured
III-V substrates offer better crystalline and surface quality, lattice
constant matching, mechanical strength, chemical stability, and
thermal conductivity compared to fluorite or native IV-VI rocksalt
substrates. IV-VI/III-V heteroepitaxy, however, is not without its
challenges. The IV-VI/III-V interface incorporates drastic changes
in bonding character, valency, crystal structure, and surface charge,
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factors that contribute to very high interfacial energies and result in
a difficult-to-control and defect-prone 3D island growth mode in
the early stages. Success in developing epitaxial tools to prepare
sharp (and necessarily metastable) IV-VI/III-V interfaces reliably
enables harnessing of these material dissimilarities for new means
to access the unique mid-infrared optical properties of IV-VI materials as well as for the creation and control of novel interfacial electronic phenomena.19
In addition to preparing the interface, we need to consider the
choice of growth orientation in IV-VI/III-V heterostructures. The
IV-VI rocksalt structure preferentially facets on the {001} family of
planes, making (001) a favored growth direction. This would have
been an attractive feature given that (001) III-V molecular beam
epitaxy (MBE) growth is well established. Unfortunately,
(001)-oriented IV-VI rocksalts lack the ability to relax strain from
lattice or thermal mismatch via a dislocation glide. Unlike most
ionic rocksalts,21 the IV-VI rocksalts’ primary slip system is
{001}h110i, meaning typical dislocation burgers’ vectors lie in
h110i directions and dislocations glide on {001} planes.
Consequently, this slip system feels no resolved shear stress from
in-plane strain on an (001)-oriented film,22 and thermally mismatched IV-VI films readily crack upon cooldown,10,11 even when
cooling from low growth temperatures.
The handicap of the PbSe slip system becomes an asset when
growing IV-VI films oriented in the (111) direction. The primary
slip system of the rocksalt IV-VIs, when active, has very low energy
barriers to the dislocation glide.21 Amazingly, dislocations glide
even at cryogenic temperatures, permitting full relaxation23 and
allowing for annihilation of dislocations during growth with high
efficiency.22 The ability to access this slip system enables
(111)-oriented IV-VI structures to be grown thicker without cracking, to be improved via thermal cycling, and to be temperaturetunable without inducing strain to a device.
In this paper, we explore PbSe/InAs(111)A heteroepitaxy. We
demonstrate control over the interfacial structure and characterize
structural defects, film relaxation, and minority carrier recombination behavior of the (111)-oriented PbSe film. Although these two
materials are nearly lattice matched (1.1% mismatch at room temperature), their (111) heterointerface has not been previously investigated. We observe typical polycrystalline nucleation that can be
actively controlled via a surface treatment to produce single-crystal
films. We characterize two distinct interfaces that can occur
between these materials via high resolution scanning transmission
electron microscopy and measure photoluminescence (PL) from
single-crystal PbSe/InAs at room temperature. These PL results
enable the probing of both mechanical behavior in the form of
thermal mismatch relaxation and electronic behavior in the form of
minority carrier lifetime and dominant recombination
mechanisms.
II. METHODS
We started with commercially available, nominally on-axis
(±0.5°) InAs(111)A substrates that are unintentionally doped
n-type, with carrier concentrations of 1–3 1016 cm−3. To ensure
high-quality surfaces for subsequent growth, we grew 100 nm InAs
(111)A buffers in a GEN 930 MBE system using elemental indium
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and As4 sources.24 We capped the InAs buffers with an amorphous
arsenic layer for out-of-vacuum transport into a separate Riber
Compact 21 MBE system configured for IV-VI growth. In the
IV-VI chamber, the amorphous arsenic was thermally desorbed to
recover the bare III-V epi-surface. PbSe films were then grown on
the InAs(111)A buffers using a compound PbSe cell. We primarily
focus on a 1.5 μm thick film of PbSe(111) for structural and optical
characterization and additionally use 65 nm thick films to learn
about the nucleation process.
The PbSe growth procedure was informed by our previous
work on InAs(001) substrates where we extinguished competing
{110} and {221} PbSe nuclei orientations and produced singlecrystalline PbSe(001) films via a two-step process: (i) exposing the
substrate to the PbSe flux from a compound PbSe effusion cell
above the PbSe re-evaporation temperature (380–400 °C) followed
by (ii) PbSe nucleation and growth at a lower temperature (300–
330 °C).16 On InAs(001) films, we observed the surface reconstruction change to 2 × 1 as a result of this dose.
The InAs(111)A buffers in this study were similarly exposed
to the molecular PbSe flux from a compound source at elevated
temperature: approximately 3 × 10−7 Torr of the PbSe flux for times
ranging from 30 s to 25 min and at temperatures ranging from
360 °C to 460 °C. The surface reconstruction was observed using
reflection high energy electron diffraction (RHEED) to adopt a
1 × 1 pattern after the dose. Samples were then cooled to
280–330 °C and the compound PbSe flux was reinitiated to grow
the PbSe film.
Plan-view scanning electron microscopy (SEM) and electron
channeling contrast imaging (ECCI) micrographs were recorded on
an FEI Apreo S and an FEI Apreo C. Samples were prepared for
scanning transmission electron microscopy (STEM) via a focused
ion beam-liftout process in an FEI Helios Dualbeam system. The
sample from Fig. 4(b) utilized a FIB polishing process to produce a
smooth, sloped surface, and then ECCI was performed on the slope
to see plan view diffraction contrast at varying depths in the film.
Cross-sectional STEM analysis was completed on an FEI Talos
STEM, utilizing annular dark field (ADF) and high-angle annular
dark field (HAADF) detectors. X-ray diffraction (XRD) experiments were executed on a Panalytical MRD PRO system utilizing
the monochromator for high-resolution coupled scans and rocking
curves.
The total emission from the samples was measured using a
microphotoluminescence setup. The sample is held in a
temperature-controlled cryostat with a ZnSe window. The sample is
optically pumped by a 808 nm laser outputting 1 W and modulated
at 10 kHz. The pump laser light is passed through a 3 μm dichroic
beamsplitter and focused onto the sample using an all-reflective
objective. PL emitted from the sample is collected by the same
objective and reflected by the dichroic beamsplitter. The reflected
light is focused by a reflective parabolic mirror through an
AR-coated (3–5 μm) Si window onto a liquid nitrogen cooled
HgCdTe detector. The Si window is used to filter laser light. The
detector signal is demodulated by a lock-in amplifier and recorded
for each temperature of the sample. For spectrally resolved photoluminescence measurements, infrared light is passed into a Fourier
transform infrared (FTIR) setup after being reflected from the
dichroic. The FTIR is run in the step-scan mode to dramatically
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reduce infrared background. The input power was approximately
240 mW, focused into an ellipse of 200 × 40 μm2.
In addition, we also perform time-resolved photoluminescence
(TRPL) measurements on all of our materials. In these measurements, the sample is again housed in a low temperature cryostat
and excited with a pulsed (<1 ns) 532 nm laser with 1.3 μJ pulse
energy and 10 kHz repetition rate. Emission is collected with a parabolic mirror and then focused onto a high speed Vigo MCT detector. The InAs band edge emission is filtered with a 3.6 μm long
pass filter before the detector. Pulse energy is controlled using
neutral density filters. The detector signal is collected and averaged
using a LeCroy 12-bit high speed oscilloscope.
Bandgap was estimated via PL by fitting to locate the peak
emission energy and subtracting ½kT. Data surrounding the CO2
absorption peak were not included in the peak fit, and
near-room-temperature results were not included in the bandgap
versus the temperature analysis because the CO2 absorption was
significantly overlapping the emission, artificially shifting the
maximum.
III. RESULTS
A. Heterovalent interface formation
We find that deposition of PbSe on InAs(111)A frequently
results in polycrystalline nuclei, but single crystalline films can be
obtained via proper application of the high-temperature surface
treatment described above. The films in Figs. 1(a) and 1(c) are both
65 nm PbSe films that received different surface treatments. The
film in Fig. 1(a) has nanoscale rotated/mirrored grains, while the
film in Fig. 1(c) is single-crystalline, with only threading dislocations visible to ECCI.
The polycrystalline film [Fig. 1(a)] was grown on an InAs substrate treated with PbSe flux at 360 °C for 15 min, but this substrate
temperature was too low and the RHEED pattern became spotty
during the dose. When growth was reinitiated at 320 °C, triangular
nanoscale grains were observed [Figs. 1(a) and 1(b)]. We believe
that this substrate temperature was not far enough above the evaporation temperature for PbSe, and some PbSe was deposited on the
substrate in the form of very small islands, which acted as seeds for
later deposition.
The single-crystalline film [Fig. 1(c)] was grown on an InAs
substrate treated with PbSe flux at 400 °C for 15 min. During
this dose, the surface reconstruction transitioned smoothly from a
2 × 2 to a 1 × 1 and remained streaky, indicating that a smooth
surface was maintained while the surface structure was altered.
Subsequent growth on this smooth altered surface at 320 °C
resulted in single-crystalline films. Later experiments showed that a
400 °C surface treatment is effective after only 30 s, so at a high
temperature, a relatively short surface treatment is sufficient to
chemically and structurally prepare the surface for singleorientation growth.
In order to determine the mechanism behind this dosing procedure, we examined these interfaces in more detail. The PbSe film
shown in Fig. 1(a) is the result of uncontrolled competition
between two distinct interfacial stackings that are 180° rotated with
respect to one another but share the [111] direction with the substrate. One of these orientations shares threefold rotational
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FIG. 1. Surface treatment eliminates twins (180° rotated grains) in (111) oriented PbSe films: ECCI micrographs show 65 nm thick films of PbSe grown on
InAs at 320 °C with different pretreatments. (a) A film receives a 15 min dose at
360 °C and shows two populations of triangular grains with shallow trenches
between them marking twin boundaries. (b) Schematic of the rotations in cubic
symmetry observed in the film (a). (c) A film receives a 15 min dose at 400 °C
and shows a single-orientation structure with some dislocations. Note that (c) is
processed with significantly higher contrast than (a).

symmetry with the substrate (the so-called “type A” epitaxy), while
the other is reversed, effectively making the entire heterointerface a
rotational twin (“type B” epitaxy). The preferred triangular habit of
the coalesced islands, along with the dark/light orientational contrast provided by ECCI, reveals their internal structure [Fig. 1(b)].
The heterovalent interface between InAs(111)A and PbSe(111)
appears to be very high-energy, and consequently, heteroepitaxy
occurs in the Volmer-Weber growth mode of island nucleation and
coalescence. Like-facing grains coalesce evenly, likely forming
misfit and threading dislocations during island fusion, but in the
more extreme case of oppositely rotated grains, coalescence results
in a twin boundary marked by a shallow trench in the film’s
surface. For this reason, controlling the nominal orientation of
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every island with respect to the substrate is essential for highquality crystal growth.
We have characterized both of these interfacial stackings
(unrotated, type A, and rotated, type B) using HR-STEM in Fig. 2.
Atomic columns were identified via relative HAADF contrast. The
primary difference between the A and B stackings is the placement
of the first layer of lead atoms: in the type A interface, these lead
atoms are lined up directly above the top layer of arsenic in the
substrate, while in the type B interface, the lead and arsenic are
farther apart. In both cases, the bond angles around the first layer
of lead atoms define the threefold cubic symmetry for the rocksalt
film. We believe that during our high-temperature surface pretreatment, we are giving this first layer of lead atoms the kinetic
freedom to migrate to the energetically favorable A or B site.
Interestingly, this equilibrium structure achieved in Fig. 1(c) is
actually type B epitaxy—it seems counterintuitive that the creation
of a rotational twin across an already expensive heterointerface
could be energetically favored.
A more detailed analysis of the interface in Fig. 2 shows some
slight distortions at the interface, the most dramatic of which is the
spacing of the first PbSe monolayer. Although actual lattice distortions are likely more nuanced, a tentative interpretation of the
interplanar spacings near the interface [Fig. 2(c)] indicates that the
first layer of PbSe in both structures is nearly a zincblende-ordered
monolayer of PbSe. If this interpretation is correct, there is a slight
separation between the chemical heterointerface and the structural
heterointerface. During the high-temperature dose at 400 °C, the
PbSe evaporation rate is high and only a single monolayer can
adhere to the substrate. In the absence of more rocksalt layers, the

avs.scitation.org/journal/jva

most stable conformation for the PbSe monolayer is to continue
the existing tetrahedrally coordinated zincblende lattice. When this
pseudozincblende monolayer is cooled to ∼300 °C and PbSe
growth is initiated, the first layer of lead atoms assumes its octahedral rocksalt coordination, and the bond angles of this lead layer
set the symmetry for the rest of the PbSe film.
B. Propagation of substrate twins
A PbSe film free of grains would be ideal, but homoepitaxial
growth of InAs(111)A is still under development and the InAs
buffer layers used in this work contain some twins that are transmitted up to the PbSe films. It is worth clarifying that these boundaries are between twinned grains of the PbSe crystal. As PbSe has
threefold rotational symmetry about the [111] direction and mirror
planes parallel to the [111] direction, the structure on one side of
one of these boundaries can accurately be considered either rotated
or mirrored with respect to the structure on the other side. The vertical boundaries we observe are frequently not in symmetric directions and so may be largely incoherent. While not perfect
substrates for devices, these differing grains present on the same
sample surface actually provide an excellent test of robustness for
the high-temperature dose mechanism.
Figure 3 shows how large twinned grains in the substrate
are propagated through the heterointerface to the PbSe film. In
Fig. 3(a), we see two twin boundaries in the InAs buffer (with a
third below the imaged frame). One of these twin boundaries
curves to intersect the heterointerface. On the left, an InAs layer
that shares cubic symmetry with the substrate grows 180° rotated

FIG. 2. PbSe/InAs interfacial structures: High-resolution HAADF-STEM cross sections of two PbSe/InAs interfaces with proposed structures. Reconstructed structures
assume threefold rotational symmetry in the growth plane. (a) The metastable type A cross section was cut from a stacking-fault-free region of the PbSe/InAs interface
from a sample that received an ineffective surface treatment [Fig. 1(a)]. (b) The equilibrium type B cross section was cut from a sample treated with the PbSe flux at
400 °C where all PbSe/InAs interfaces include exactly one rotational twin, resulting in a 180° rotated film. A wide integrated line trace (c) of the type B interface HAADF
image is also shown to demonstrate regular interplanar spacings through the interface, with the first layer of PbSe compressed toward zincblende. (STEM Processing
details: 20 images, stacked for drift correction, smoothed with α = 200 pm gaussian blur.)
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PbSe, forming a heteroepitaxial rotational twin. On the right, a
180° rotated InAs layer acts as a substrate for 0° rotated PbSe, similarly forming a rotational twin, but resulting in a film that shares
threefold symmetry with the substrate. The boundary then continues vertically between the left and right grains of PbSe, producing a
wide moiré pattern in the center of the image.
Figure 3(b) shows a wider view of one of these boundaries in
darkfield STEM. The twinning in the InAs substrate is close
enough to the interface that it is nearly invisible at this scale, but
the twin boundary in the PbSe is bright and grows upward vertically until intersecting the surface, where a shallow trench has
formed between the grains. Interestingly, this trench is also highly
crystallographic and opens with faces ∼36° to vertical, indicating
mirrored (001) planes form the internal faces of the trench.
The grain structure in these PbSe films inherited from the
InAs substrate is quite large, with typical faulted regions spanning
tens of micrometers. Figure 3(c) shows a plan-view ECCI micrograph of a 65 nm PbSe film—we believe that the majority of the
film (dark contrast) does not have rotational twins in the buffer
and is then 180° rotated to the substrate, while the pockets of light
contrast are grown on the rotated/mirrored buffer and share symmetry with the substrate.

avs.scitation.org/journal/jva

C. Film quality and relaxation
Via ECCI, we observe vertical twin boundary density of
approximately 1 × 103 cm−1 and a threading dislocation density
(TDD) of 7 × 109 cm−2 in 65 nm thick PbSe layers [Fig. 1(c)]. In
the thicker 1.5 μm film, this defect density drops precipitously: we
measure a TDD of 1.6 × 108 cm−2 via plan-view TEM a couple
hundred nanometers below the surface, and approximately
1 × 108 cm−2 just below the top surface via ECCI, across both populations of grains. With thermal cycling, etch pit density (EPD) in
4 μm thick PbSe(111) on silicon has been previously reported as
low as 106 cm−2.22 The reported lower TDD in these earlier works
is partly explained by the thicker film and higher thermal expansion mismatch between PbSe and Si (leading to more efficient dislocation filtering during cyclic annealing), but our observation of
dislocation clustering via ECCI and STEM suggests that EPD may
also underrepresent TDD. TDDs of 107–108 cm−2 have been measured for 4 μm films of PbTe(111)/BaF2 via scanning tunneling
microscopy,25 aligning closely with our results. We further characterize the structural relaxation of these materials via XRD and PL.
At room temperature, XRD measurements of the (444) peak
of PbSe show that the 1.5 μm PbSe film is fully relaxed within

FIG. 3. Subsurface twins in InAs can propagate into the PbSe film: (a) HR HAADF-STEM of a twin boundary in the InAs buffer intersecting the heteroepitaxial interface
and inducing a twin boundary in the 1.5 μm PbSe film. (b) ADF-STEM of a twin boundary in a PbSe film, terminating in a faceted trench at the film surface. (c) Plane-view
ECCI micrograph of the 65 nm PbSe film with rotated/mirrored grains originating in the buffer layer. [Processing details: (b) denoised with a 2px median filter, (c) smoothed
with α = 1 μm gaussian blur.]
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the measurement limits of the high-resolution diffractometer used
[Fig. 4(a)]. Calibrating to a predicted InAs (444) spacing of
0.8744 Å, we observe a PbSe (444) spacing of 0.8837 Å, corresponding to a cubic lattice parameter of about 6.123 Å that is matched to
the bulk.26 The 2θ-ω full width at half maximum (FWHM) measured 442 arcsec, corresponding to approximately ±0.06% variability in (444) layer spacing. Rocking curve width was measured at
197 arcsec. These x-ray measurements are comparable to our previous work,16 PbSe/InAs(001) with an asymmetric (004) rocking
curve width of 185 and 369 arcsec along the [110] and [110]
azimuths, respectively. Other recent PbSe/III-V work from Wang
et al.14 measured rocking curve widths of 266 and 1700 arcsec
for PbSe/GaAs(001) and PbSe(511)/GaAs(211)B, respectively.
High quality PbSe(111) on well-established fluorite buffer
layers can reach rocking curve widths around 150 arcsec,23 but
500–1500 arcsec is not uncommon.11,27 Extremely high quality
PbTe has been grown on BaF2 substrates with rocking curve width
of only 30 arcsec.28
The lattice mismatch between PbSe and InAs is accommodated by a dense triangular grid of misfit dislocations at the heterointerface. We have observed these misfits directly using the
plan-view ECCI on a sloped, ion-polished sample of PbSe, where
the misfit network is briefly shallow enough to generate channeling contrast [Fig. 4(b)]. Figure 4(c) shows the HAADF STEM of
the PbSe/InAs interface with approximate positions of misfit dislocations marked. Across this 95 nm section, seven misfit dislocations are observed, resulting in an average spacing of ∼14 nm.
Misfit dislocations in these materials are expected to have
burgers vectors in the 〈110〉 directions and glide on the {100}
planes. In a (111)-oriented film, this means that a triangular grid
of misfit dislocations will lie at the heterointerface22—each set
with an equilibrium spacing of 30–40 nm. Because three discrete
sets of dislocations exist, we would expect to see a dislocation
intersect a [110] cross section every 17 nm, but in practice, direct
observation and burgers circuit analysis are made difficult by the
inclination of the dislocations to the imaging plane. Only half of
the visible dislocations will be perpendicular to the imaging
plane, and the rest are inclined at ±60°, causing distortion and
blurring at the interface in a foil of finite thickness. However, via
masking and inverse fast Fourier transform analysis [Fig. 4(c)
inset], approximate positions for dislocation cores can be
determined.
As (111) is not the low-energy plane of these rocksalt materials, we noticed slightly rougher surfaces on these films than similar
films grown on the (001) substrates. Interestingly, pits in the thin
films of (001) PbSe16 seem to terminate on {111} planes, but pits in
the thin films of (111) PbSe seem to preferentially terminate on
{001} planes. Additionally, pits on (001) films seem to form
around dislocations early in growth and later close to form a
smooth surface, but in the (111) orientation, the opposite occurs.
PbSe films can be very smooth immediately after coalescence and
only develop shallow surface pits with very long growth. The
density of these surface imperfections exceeds the density of threading dislocations at the film surface, so if these pits are indeed
forming due to dislocations, this implies that dislocation glide in
the relaxing film allows the same dislocation to nucleate multiple
pits that persist.
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FIG. 4. Structural quality of a fully relaxed 1.5 μm thick PbSe film at room temperature: (a) Symmetric 2θ-ω XRD scan showing good structural quality, with a
film FWHM of 442 arcsec. Rocking curve FWHM was 197 arcsec. (b)
Plane-view ECCI micrograph of the FIB-polished sloped PbSe film, showing
threading dislocations and twin boundaries in the thicker PbSe to the left, and a
triangular array of misfit dislocations to the right where the film thickness
approaches the ECCI interaction depth. The resolution of ECCI does not resolve
every misfit dislocation. (c) shows the grid of misfit dislocations at the heterointerface, with approximate dislocation core positions determined through inverse
fast Fourier transform analysis (c, inset). The tilted dislocation symbols indicate
the two visible populations of dislocations, half perpendicular to the imaging
plane, half inclined ±60° to the imaging plane.
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D. Luminescence and recombination
Figure 5(a) shows high excitation spontaneous emission PL
spectra from the 1.5 μm PbSe/InAs film collected from 83–300 K.
Where conventional semiconductors increase in bandgap at low
temperatures, PbSe is well-known to do the opposite.1,6 We also
note in Fig. 5(a) that the emission intensity around room temperature is greater than that at cryogenic temperatures. We do not have
a clear explanation for this at this time—there could be nonmonotonicity from competing temperature-dependent recombination
lifetimes (discussed subsequently) or this may be an artifact of the
PbSe/InAs interface. Regarding this latter point, none of the
thinner samples (65 nm) of PbSe/InAs (111)A emit light that is
characteristic of PbSe. It may be tempting to suggest that the
network of misfit dislocations at the interface is responsible for the
lack of photoluminescence from the thin PbSe films, but we do not
think this is the case. When carriers in PbSe are contained by a
larger bandgap substrate (i.e., a PbSe/GaAs structure), we have seen
both (111)- and (001)-oriented PbSe emit light even for 50 nm thick
films, in spite of an 8% lattice mismatch and a very dense network of
misfit dislocations. We will discuss these results on larger bandgap
substrates elsewhere. InAs has a similar narrow bandgap to PbSe at
room temperature, and while the band alignment between PbSe and
InAs(111)A across this type B epitaxial interface is not known, we
anticipate a type-III alignment as in the case of PbTe/InSb.15 This
suggests that in the thinner samples, photogenerated carriers may
diffuse into the InAs substrate before radiatively recombining. More
work is needed to understand whether the luminescence intensity in
the 1.5 μm film is characteristic of bulk behavior or is influenced by
the heterostructure, especially at cryogenic temperatures where photogenerated carriers may be highly mobile.
Figure 5(b) shows the PL-calculated bandgap as the sample
temperature is changed. Due to thermal mismatch with the InAs
substrate (αInAs ¼ 4:5  106 K1 , αPbSe ¼ 19:4  106 K1 ),26,29
the PbSe layer should be significantly biaxially tensile strained
(0.7%) while cooling from 573 K growth temperature to 83 K. Yet,
a closer inspection of the temperature dependence of the thin
film bandgap as derived from PL spectra highlights the
remarkable ability of these films to stay relaxed due to dislocation
glide even at cryogenic temperatures. In contrast, III-V/Si(001)
films do not experience thermal dislocation glide below 200–300 °C
and routinely crack upon cool down, even with substantially
smaller thermal mismatch.30 The bandgap of the PbSe film reduces
approximately linearly with temperature (∼0.48 meV/K), in excellent agreement with the unstrained bulk PbSe bandgap.1
Hypothetically, if dislocation glide did not take place, the elastic
(111) biaxial strain would break the star-degeneracy of the normal
and oblique 〈111〉 direct L-valley gaps, shifting them dissimilarly
(strictly leading to an indirect semiconductor) as well as widening
them, the [111] L-valley (normal) forming the smallest direct
gap.31–33 Figure 5(b) shows this splitting and increase in the
bandgap for two hypothetical elastically strained PbSe films: one all
the way down from the growth temperature and the other only
from room temperature and below.
Complementary to continuous-wave PL measurements, TRPL
and power-dependent photoluminescence (PDPL) (Fig. 6) allow for
the probing of minority carrier recombination in the 1.5 μm PbSe
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FIG. 5. Temperature-dependent bandgap derived from photoluminescence: (a)
Photoluminescence spectra of 1.5 μm PbSe/InAs between room temperature
and 83 K, showing the decrease in bandgap and peak broadness with temperature. The room-temperature spectrum is interrupted by absorption from atmospheric CO2. (b) Bandgap is plotted against temperature, showing a near-linear
decrease in bandgap with temperature, in rough agreement with anticipated bulk
PbSe (Ref. 1). For point of comparison, the higher lines show hypothetical
bandgaps from strained PbSe films calculated from deformation potentials
(Ref. 31). The solid lines represent the [111] L-valley gaps, and the dotted lines
represent the oblique L-valley gaps.

film. In the low-injection regime at room temperature, the TRPL
intensity is seen to decay (single) exponentially over nearly two
orders of magnitude after photoexcitation. From this, we calculate
a recombination lifetime of 20 ns. A faster pump-power-dependent
recombination pathway is apparent in the early stages of decay,
when the excitation becomes comparable to the background
doping in the sample. Making the bold assumption that the luminescence from PbSe/InAs is characteristic of bulk behavior, the
low-injection minority carrier lifetime τ eff can be ascribed to radiative and nonradiative recombination occurring in parallel,
τ eff ¼

1
1
1
þ
þ
,
τ SRH τ Rad τ Auger

(1)
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FIG. 6. Recombination characteristics from PL at room temperature: (a) TRPL:
Three different pumping intensities (all more than an order of magnitude below
the PL above) produce photoexcited carriers that recombine over the span of
about 100 ns. By fitting to the single exponential region of this data, a minority
carrier lifetime of approximately 20 ns can be calculated, given by the slope of
the black line. (b) PDPL: PL Intensity is seen to scale directly with pump power
over a 220× range with an exponent of 1.03, characteristic of a “z = 2” process
like bimolecular e-h pair radiative recombination.

where τ SRH is the nonradiative Shockley-Read-Hall (SRH) lifetime,
τ Rad is the radiative lifetime, and τ Auger is nonradiative bulk Auger
recombination lifetime.34 Typically, recombination in roomtemperature PbSe is reported to be Auger-dominated,35,36 so we
first consider the contribution of e-e-h τ Auger , calculated as
τ Auger ¼

1
,
Cn20

(2)

where C is the Auger recombination coefficient and n0 is the
doping density.34 We are not able to measure actual carrier concentration in these films due to the conductive InAs substrates, but
nonstoichiometry-induced n-type doping of 1–5 × 1017 cm−3 is typically expected in films evaporated from a compound PbSe
cell without excess Se-flux.37 Indeed, exceeding this electron

J. Vac. Sci. Technol. A 39(2) Mar/Apr 2021; doi: 10.1116/6.0000774
Published under license by AVS.

avs.scitation.org/journal/jva

concentration would result in lead droplets on the film that we did
not observe. Recent first principles calculations by Zhang et al.
place the Auger coefficient C for PbSe with 5 × 1017 cm−3 carriers
at approximately 4 × 10−29 cm6 s−1, just slightly lower than that
measured experimentally by Klann et al. and Findlay et al.38–40
This yields a bulk Auger lifetime of ∼100 ns, barely within an order
of magnitude of the effective lifetime of 20 ns we observe.
PDPL measurements [Fig. 6(b)], on the other hand, indicate a
process with bimolecular power dependence. A power law fit shows
PL intensity rising with pump power with an exponent of 1.03 over
two orders of magnitude in excitation intensity, where we would
expect ⅔ for conventional e-e-h Auger recombination dominated
(rate ρ / n2 p), 1 for radiative recombination dominated
(rate / np), or 2 for SRH recombination dominated (rate / p).
This suggestion of radiative recombination is surprising as τ Rad
in PbSe has been calculated to be approximately 150 ns at
n0 = 5 × 1017 cm−3 at room temperature36—also far too slow to
explain the measured τ eff . Photon recycling effects make this estimate of τ Rad less meaningful as only a small fraction of the light
escapes the PbSe film due to the very high index of refraction,
causing τ Rad to appear even slower.41 Haug lists cases involving
degenerate doping where the direct Auger recombination rate may
show a rate / np dependence.42 Mocker and Ziep also calculate
strong deviations of the rate / n2 p of the Auger process toward a
rate / np at very high excitation in lead chalcogenides (nonequilibrium carriers exceeding 1019 cm−3),43 and similar observations have been made in indium nitride and the zincblende III-V
materials.44,45 Going forward, a set of samples with controlled
impurity doping would help shed light on this issue.
Finally, we mention one additional type of Auger process previously mentioned in the context of polycrystalline IV-VI thin
films: impurity or trap-assisted Auger recombination (TAAR).46
TAAR, like radiative recombination, yields a recombination rate /
np and should lead to low quantum efficiency films where the
luminescence intensity nevertheless scales linearly with pump
power.47 In order to confirm the presence of such a mechanism, we
would like to both measure the quantum efficiency of the samples
as well as note for luminescence to scale with the concentration of
a measurable defect in future work. We explore the unlikely case
that lifetime is dominated by SRH recombination in Sec. IV B.
IV. DISCUSSION
A. Formation of type-B interfaces
In this work, we have explored PbSe growth on a (111)A III-V
surface, showing that a consistent crystallographic rotation of 180°
results from a high-temperature PbSe pretreatment. The ability to
prepare a surface for growth via a high temperature surface treatment is not new in IV-VI epitaxy. We have previously explored
cube-on-cube growth of (001) PbSe on (001) III-V substrates using
a high-temperature dose of PbSe,16 and other groups previously
explored alternate orientations, showing that (211) oriented GaAs
substrates prepared under a chalcogenide overpressure can controllably nucleate (511)-oriented PbSe films.14 With any epitaxial
growth, the ideal surface acts as a template for ordered nucleation,
and in these cases, it appears that a high-temperature pretreatment
with IV-VI or VI flux can aid in producing such a template. The
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high temperature, above the re-evaporation temperature for PbSe,
ensures that no film can actually grow while the surface is still rearranging and provides the kinetic freedom for the surface to find a
minimum-energy configuration.
Specifically, in the case of rotational twins on the (111) plane,
varied atomic stackings can have extremely similar energies, and
here, these minor changes coincide with what is already an
extremely energetically expensive heterovalent interface. PbTe and
PbSe, similar in structure and bonding, have been observed to form
both type A and type B interfaces on different (111) substrates. On
bare Si(111), PbTe forms an unrotated type A interface,11 but on
BaF2 substrates and buffer layers, the favored epitaxial arrangement
for PbSe and PbTe is type B.48 Hohnke et al. explain that this rotation is due to nearest- and second-nearest- neighbor effects across
the heterointerface and believe that the type-B stacking is thermodynamically favorable. On zincblende CdTe(111), results are mixed.
PbTe typically forms a type A interface on CdTe but has been
observed to form a type B interface under certain situations. The
authors attribute this phenomenon to a non-equilibrium growth
mode, as DFT actually indicates that the type B interface is more
energetically expensive by a slim margin of about 12.5 meV/atom.49
The problem of variable interfacial stacking is not limited to
IV-VI films—type B interfaces have also been observed in the
Ge/CaF2 system,50 a covalent diamond cubic film on a fluorite
substrate, and the CoSi2/Si system,51 a metal fluorite film on a
diamond cubic substrate. In the case of Ge/CaF2, the energy difference between stackings is less than 10 meV/atom.50 This very
narrow energy difference results in a slight preference toward the
type B interface that increases at higher temperatures. The authors
also point to the removal of the top fluorine layer of the substrate
as critical for forming the type B stacking. In this case, as with the
IV-VI examples, it appears that the placement of the first monolayer of atoms past the heterointerface is critical to set epitaxial
symmetry for the rest of the growing film.
In the case of the present work, we believe that our hightemperature surface treatment creates what amounts to one monolayer of zincblende-oriented PbSe. Above, we explained this as a
displacement of the structural interface from the chemical interface,
but the chemical interface may itself not be perfectly abrupt. Before
the PbSe dose, in RHEED, we observe a 2 × 2 reconstruction on the
InAs surface, which could indicate an arsenic trimer structure and
as much as ¾ of a monolayer of arsenic remaining. During the
PbSe dose, it is likely that not all of this residual arsenic is evaporated, resulting in a mixed composition layer. Such a mixed
selenium-arsenic layer would have a much stronger bias toward tetrahedral bonding when in the presence of an existing zincblende
film. After the PbSe dose, we see a 1 × 1 RHEED pattern, which we
believe corresponds to an unreconstructed pseudozincblende leadterminated surface.
This PbSe dosing procedure occurs at 400 °C, so the thermal
energy available to adatoms is on the order of 60 meV (kBT), but
differences in stacking energies reported for PbTe/CdTe and
Ge/CaF2 are only on the order of 10–15 meV/atom. If these energies were the only relevant scales, we would expect a nearly
random distribution of both stackings. However, these reported
energetic differences are for interfaces between two slabs of material, not the stacking at a surface. With only a single monolayer of
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material deposited on a substrate during the pretreatment, we find
this procedure essentially 100% effective at regulating stacking.
Necessarily then, the selective driving force for type B stacking
must be much higher than kBT during the treatment to cause such
an extreme bias. There may also be a rapid ripening process that
results in a single-orientation film across the wafer after initial
nucleation, but if such a ripening process does contribute, we know
it is limited by the underlying structure—as in Fig. 3. The PbSe
does not form a continuous layer of the majority stacking; instead,
it conforms closely to the twinned regions that already exist in the
buffer.
B. Recombination and defect tolerance
Despite being able to control island orientation, the process of
island coalescence still produces many threading dislocations. In
III-V and II-VI infrared-active semiconductors, an average TDD of
∼1 × 108 would severely compromise the luminescence properties
via SRH recombination. We can obtain an upper bound for the dislocation recombination activity by assuming that the measured lifetime is SRH limited and comparing to a simple model where
dislocations are infinitely strong recombination sinks for minority
carriers. Yamaguchi et al. use this model to calculate the effect of
threading dislocations on the SRH lifetime in GaAs,52,53
1
τ SRH

¼

π 3 Dp Nd
:
4

(3)

Dp is the minority carrier (hole) diffusion coefficient and Nd is
the TDD. This model works satisfactorily for III-V
semiconductors.54–56 The hole mobility in bulk PbSe at 300 K has
been measured to be roughly 300 cm2/V s,57 which yields a Dp of
7.8 cm2/s. Even for a best-case surface TDD of 1 × 108 cm−2, this
simple model suggests τ SRH ¼ 170 ps. Considering the measured
total effective lifetime in these samples is 120× longer, the recombination activity of dislocations (and the surface) in PbSe appears to
be low compared to III-V materials, and this is a conservative estimate. Detailed verification of this will require the ability to tune the
TDD in the film as has been done for III-V/Si samples. For an
experimental point of comparison to other IR material systems,
MBE-grown Hg0.22Cd0.78Te with EPD of 108/cm2 is reported to
have a dislocation-limited minority carrier lifetime of about 15 ns
only at 78 K,58 similar to our results at room temperature.
This outstanding dislocation-tolerant behavior in PbSe,
perhaps, should not be surprising given accounts of greatly reduced
surface recombination velocities in the IV-VIs59,60 and very early
demonstrations of lasing.61,62 The lack of SRH recombination has
often been attributed to high static dielectric constants or partionic bonding allowing for the screening of charged defects,6
although more recent work has called into question the true nature
of bonding in IV-VI materials.7–9 Cahen et al.7 point to the character of covalency in PbSe to explain defect tolerant behavior,
drawing parallels to the methylammonium lead halide material
system. The distinction between bonding and antibonding covalency could govern both the material polarizability and the absolute
position of defect states and relevant bands. We hope that studies
on carrier capture coefficients63 at simple defects in PbSe may shed
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light on this issue. At the same time, we should not discount more
mundane mechanisms of impurity passivation of surfaces and
defects.64
V. SUMMARY AND CONCLUSIONS
In this work, we examined the high-energy heteroepitaxial
interface between PbSe(111) and InAs(111)A and determined that
consistent single-orientation nucleation is achievable. By exposing
an InAs surface to the PbSe flux at a temperature above the
re-evaporation limit for PbSe, we quickly convert the surface into a
suitable template for growth of PbSe(111) without nanoscale
rotated/mirrored grains. We believe this procedure slightly separates the structural and chemical interfaces, forming a uniform
180° rotational twin across the entire interface between the substrate and film. As multinucleation of type A and type B islands
results in an extremely high concentration of defects in a film
[grain boundaries in Fig. 1(a)], the ability to reliably control this
process is a necessary first step toward device-quality (111) IV-VI/
III-V films.
Growing in the (111) orientation enables access to the
extremely active primary slip system of rocksalt PbSe. Not only
does this allow for glide, rapid dislocation annihilation, and crackfree cooldown, but the temperature-tunable bandgap of bulk PbSe
creates the opportunity for tunable optoelectronic devices where
the active IV-VI layer would always be relaxed. However, future
work will need to address the effect of alloying on the motion of
these dislocations. Using alloys like PbSnSe, PbGeSe, or SnGeSe in
nominally PbSe-based devices could be very fruitful from the perspective of device design, but alloy hardening and the addition of
extra mismatched interfaces may result in less effective glide. The
performance of standard semiconductor growth techniques like
cyclic thermal annealing, graded buffers, and dislocation filtering
layers has yet to be determined.
Even with a finite number of twin boundaries and quite high
TDDs, we observe strong light emission and long minority carrier
lifetimes from the PbSe layer. The 20 ns lifetime we observe is dominated by a recombination mechanism with radiative-like bimolecular power dependence, but based on previous calculations, we
doubt these films are radiatively limited. Auger recombination has
been observed with radiative-like power dependence in cases of
carrier degeneracy at high pumping, or with the consideration of
trap-assisted processes, and we tentatively attribute recombination
in these films to one of these Auger mechanisms. These thin films
are on a narrow-gap substrate, and the influence of the substrate
and band offset on carrier diffusion and recombination is not yet
known. Overall, the relatively long lifetime and emission of light
from these samples despite high TDD implies that these materials
are not SRH limited, and this shows promise for future optoelectronic devices with a significant degree of defect tolerance.
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